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A B S T R A C T

The study investigates the influence of several binder compositions on the solvent debinding characteristics of 
highly filled thermoplastic alumina feedstocks at different temperatures. All feedstocks contain the same powder 
volume fraction but vary in the repartition of the binder components: polyvinyl butyral (PVB), polyethylene 
glycol (PEG), and a plasticizer (3G8). The weight loss, debinding speed, volumetric changes, and the micro
structure were analyzed. The water temperature was set to room temperature –RT– (23◦C) and 40◦C. SEM mi
crographs were taken on as-processed and solvent-debinded samples fractured after dipping in liquid nitrogen. 
Water debinding of the compositions with high proportions of low molecular weight components PEG and 3G8 
helps to reduce the remaining polymer amount and to achieve an open porosity, which should ease the following 
thermal debinding.

1. Introduction

The material extrusion (MEX-TRB/C/Al2O3) [1], or more precisely 
the material extrusion additive manufacturing of ceramic — further 
called in this work the Fused Deposition of Ceramics (FDC) process — 
uses thermoplastic polymers only as auxiliary materials, in contrast to 
Fused Deposition Modeling (FDM). The thermoplastic polymers in FDC 
are often summarized as binder or binder systems. The latter implies 
that the binder is not a single polymer but a mixture of different com
ponents. The tasks of the binder are to facilitate thermoplastic shaping 
and to retain the integrity of the shaped component. Before sintering of 
the component, the binder has to be removed. Hence the proper selec
tion of binder polymers and the compounding process, aiming at a ho
mogeneous distribution of ceramic particles in the binder are crucial for 
the success of the manufacturing process. The requirements for binders 
cannot be met with typical polymers used in FDM. In detail the re
quirements for the binder for highly filled ceramic filaments include: 
compatibility and wetting with ceramic powder, limited solubility of the 
components in each other for two-or more component binders, appro
priate thermal stability and thermal decomposition properties [2], low 
viscosity, low thermal expansion coefficient, good adhesion between 
deposited layers, elasticity in the green state and high yield strength [3,
4]. Non-toxicity of the binder itself during processing and its 

decomposition products during debinding helps to fulfill workplace se
curity and environmental requirements and increases the acceptance of 
FDC in industrial applications.

The binder composition may have counteracting effects with respect 
to the process chain. For example, low-molecular-weight binders pro
duce less gas during decomposition, simplifying the debinding, but are 
often less viscous than high-molecular-weight binders and reduce the 
green strength [5,6] and thus the filament strength. Furthermore, since 
the parts should be chemically surface treated, all binder components 
need to be soluble in the same solvents.

As in most ceramic manufacturing processes that use higher amount 
of polymers for the shaping (injection molding, some additive 
manufacturing processes, etc.), not only the shaping step itself, but also 
the subsequent debinding process is critical [7]. Defects occurring dur
ing the debinding step negatively impact the geometric accuracy; they 
remain after the sintering step and compromise the mechanical prop
erties of the final part [8]. The components of the binder should be 
removed successively to reduce the occurrence of defects [7]. A pre
requisite for a fast and trouble-free debinding is the so-called two-stage 
debinding. A part of the binder is dissolved in a solvent, while the 
remaining part, the so-called “backbone” holds the partially debinded 
ceramic in shape. This “backbone” is subsequently removed during the 
second thermal and in most cases oxidizing debinding stage. The ratio 
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between soluble polymer and insoluble backbone polymer in the binder 
has an influence on defects [9,10]. During the binder extraction with 
solvents, a fraction of the solvent may be incorporated into the polymers 
creating inhomogeneous volumetric variations leading to internal 
stresses. These stresses may cause cracking or could cause delamination 
[11,12].

In this study compositional variations in a three-component model 
binder system, consisting of PVB (polyvinyl butyral), PEG (polyethylene 
glycol), and a plasticizer, are investigated systematically. This polymer 
combination is described in the literature for the “non-solvent induced 
phase separation process” (NIPS) or for use as injection molding feed
stock for ceramic and metallic powders [9,13–19]. There is limited 
literature on the preparation of this binder system for FFF (Fused Fila
ment Fabrication) [20] or FDC [21]. As in a previous work [22], the 
agitation granulation technique is used as a quick and homogeneous 
premixing procedure for the feedstock constituents.

PVB is a polar terpolymer of vinyl butyral, vinyl alcohol and vinyl 
acetate. With or without plasticizer, it is commonly used as backbone 
constituent in binder systems for several ceramic processing techniques. 
The properties of PVB i.e. water resistance, thermal degradation 
behavior, compatibility with non-polar polymer, and interaction with 
the oxide ceramics depend on the content of chemical functionalities 
(hydroxyl and acetate) and the molecular weight of the polymer [16–25.

PEG is widely used as a soluble component for the solvent debinding 
step in highly filled ceramic feedstocks [26]. Two processes drive this 
debinding step: dissolution and diffusion. In the dissolution step, due to 
bonding between water and the polymer chains, the PEG forms hydrated 
complexes and dissolves. Thereby pores are created for the second 
(diffusion) step. In the diffusion step the PEG diffuses through the 
solvent-filled pores to the surface of the sample [11,12–27]. Depending 
on the distance of the dissolving front to the surface, the dissolution or 
diffusion are successively the rate-limiting steps [12]. Solvent temper
ature plays a crucial role in the debinding speed. At higher temperatures 
– above 30◦C– solubility increases but defects such as swelling may 
occur [9–11].

As ceramic material, a submicron-size alumina (α-Al2O3) powder is 
used. Alumina is the most important technical oxide ceramic, has the 
widest range of applications, and is well documented. Dense-sintered 
alumina exhibits high strength and hardness, good temperature stabil
ity, high wear and corrosion resistance even at elevated temperatures 
[28]. The high-purity alumina used in this work has been successfully 
utilized for FDC in a previous work [22] and sinters to a high density at 
1550-1600◦C [29,30].

The influence of the aforementioned binder composition on 
debinding speed, defects and volumetric changes during the solvent 
debinding will be investigated in this work.

2. Materials and methods

2.1. Materials

The ceramic powder used in this study is a high-purity alumina (CT 
3000 LS SG, Almatis GmbH, Frankfurt, Germany). According to the 
manufacturer, the powder has a particle size of 0.5 µm D50 and 2 µm D90 
and a surface area of 7.8 m²/g. As a sintering additive, 1500 ppm spinel 
powder S30 CR (Baikowski, Poisy, France) was added, this corresponds 
to 500 ppm MgO.

For the binder the Mowital® PVB resin grade 75H (Kuraray Europe 
GmbH, Hattersheim, Germany) in the form of fine powder and PEG 6000 
(Tecnaro GmbH, Ilsfeld, Germany) were used. As plasticizer for the PVB 
resin, triethylenglycol-di-(2-ethylhexanoate) with commercial name 
OXSOFT 3G8 Cereplas DOA, provided by Krahn Ceramics (Krahn Ce
ramics GmbH, Hamburg, Germany), was used.

2.2. Feedstock preparation

The compositions of the feedstocks were defined volumetrically by 
the simplex centroid mixture design (cf. Fig. 1 and Table 1). The theo
retical density of PVB, PEG, 3G8, and alumina powders for the calcu
lation were respectively set to 1.2 g/cm3, 1.2 g/cm3, 0.967 g/cm3, and 
3.94 g/cm3.

Feedstock 1 was produced twice (called feedstock 1 and 1.2), in 
order to verify the reproducibility of the compounding process.

The feedstocks were manufactured according to the process devel
oped in a previous work (process V1 [22]) but with different polymers. 
All the constituents were added together into the recipient: PVB in the 
form of fine powder and the ceramic powders with the PEG flakes and 
the liquid 3G8 with 80 ml distilled water. The mixing was done in an 
Eirich R02 mixer (Maschinenfabrik Gustav Eirich, Hardheim, Germany). 
After an initial mixing, water was added gradually in 10 ml steps until 
granulation occurred. The granulated feedstock was then dried for at 
least 24 hours at 40◦C. The feedstock was then homogenized two times 
through a twin-screw extruder (HAAKE Polylab OS Rheomex PTW16/25 
OS, Thermo Fisher Scientific, Karlsruhe, Germany) with temperatures of 
the segments ranging from 80◦C to 160◦C. The extrusion nozzle had a 
rectangular shape with dimensions 2.5 x 4.5 mm.

The homogeneity of the feedstocks was evaluated by collecting five 
rectangular rods samples, weighing between 1 and 1.8 g, randomly 
along the extruded strands and debinding them thermally at 800◦C to 
assess the ceramic content.

2.3. Water debinding

For each composition, 8 samples with random lengths between 45 
mm and 100 mm were collected at different positions along the extruded 
line, to ensure better representativeness. For the feedstock 1.2, three 
series of 8 samples of the same feedstock were taken, resulting in 24 
samples in total. The samples were weighed, and the cross section was 
measured in three marked positions with an Orion electronic caliper 
(HAHN+KOLB Werkzeuge GmbH, Ludwigsburg, Germany, accuracy 
±0.01 mm). These measurements were done in the as-processed state, 
and after drying at 40◦C for 72h to remove the absorbed water. The 
samples were then debinded in 4 liters of stationary distilled water at RT 
(23◦C) and at 40◦C. The samples were fixed in vertical position in the 
water bath with a support structure to guarantee a uniform contact to 
solvent on all sides and to maintain the same distance between the 

Fig. 1. Ternary plot with the binder composition of the feedstocks 1-10.
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samples. Both recipients had a lid to limit the evaporation. The 40◦C 
water bath was placed in the oven until the required temperature was 
reached. The temperature was verified with an electronic digital 
thermometer.

Then one sample of each feedstock composition was withdrawn from 
the water bath after 1, 2, 3, 4, 5, 8, 25, and 50 hours. Directly after the 
withdrawal from the debinding bath, the samples were measured, 
placed flat in a recipient and after drying for 72 hours at 40◦C weighed 
again.

2.4. Calculations

The proportion of the binder dissolved and evaluated relative to PEG 
content were calculated as follows: 

wtb.dis. =
(wtdried1 − wtdried2)

wtdried1 

wtPEG.dis. =
(wtdried1 − wtdried2)

wtPEG1 

Here, wtb.dis. is the relative weight loss after water debinding in [wt. 
%], wtdried1 and wtdried2 are the weight of the sample in [g] after drying at 
40◦C for 72 hours respectively before and after the water debinding step. 
wtPEG.dis. is the relative weight loss after water debinding compared to the 
initial PEG content in [wt.%], and wtPEG1 is the weight of PEG in the 
initial composition in [g].

The debinding speed was calculated as the mean of the relative 
weight loss divided by the time between each sample withdrawal. The 
calculation is only applied to the first eight hours of debinding.

The swelling and shrinkage of the samples were calculated were 
calculated as follows: 

dimrel.1 =
(dimdried1 − dimdeb.)

dimdried1 

dimrel.2 =
(dimdried1 − dimdried2)

dimdried1 

Here, dimrel.1 is the relative dimension change in the soaked condition 
in width and height in [%]. dimdried1 and dimdried2 are the dimensions of 
the samples after drying at 40◦C for 72 hours respectively before and 
after the water debinding step in [mm]. dimdeb. is the dimension of the 
samples right after exiting the debinding bath; dimrel.2 is the relative 
dimension change after the solvent debinding step in [%].

2.5. Ternary diagrams

The ternary diagrams in the results section were created using the 
OriginLab 2016 (OriginLab Corporation, Northampton, USA) software. 
The values in the planes between the measurement points result from 
the linearization.

2.6. Microscopy

The SEM micrographs were taken on a JEOL JSM-6490LV (JEOL 
(Germany) GmbH, Freising, Germany). The fracture surface of the cross 
section of the middle point and the edges of the test matrix were eval
uated (Feedstocks 1, 2, 3, and 4, cf. Fig. 1, and Table 1). To reduce the 
plastic deformation, which could modify the microstructure, the sam
ples in green state were dipped in liquid nitrogen to achieve a brittle 
fracture before being broken. Half of the samples were then solvent 
debinded in water for 48 hours at room temperature(RT). To assess the 
effect of nitrogen dipping, one Feedstock 1 sample was fractured at room 
temperature.

3. Results

3.1. Feedstock processing

All the feedstocks were successfully extruded. For the first homoge
nization step, the rotation speed of the extruder needed to be adapted to 
prevent reaching the maximum torque of the extruder. After extrusion 
and from a visual point of view, all the feedstocks are very similar.

The powder is homogeneously distributed among the sample without 
segregation as displayed on the back-scattered SEM image in the Fig. 2.

The extruded strands have an average width of 3.91 ± 0.15 mm and 
an average height of 2.28 ± 0.1 mm. Hence, compared to the nozzle 
diameter, a contraction of ~13% occurred.s

All the feedstocks with more than one-third of plasticizer volume 
content reacted with the other polymers in contact, like the polystyrene 
cups or the filament spools (cf. Fig. 3).

Note: Since the feedstocks are designed volumetrically and the 
binder constituents do not have the same density, the weight content of 
the powder differs while the volume content is identical. Fig. 4 shows 
the weight percentage of the ceramic powder measured after thermal 
debinding in comparison to the theoretical weight percentage. The 

Table 1 
Binder composition of the binders 1-10.

Feedstock Binder Powder

PVB [vol. %] PEG [vol. %] Plasticizer [vol. %] Alumina [vol. %]

1 PVB 75H 16.67 PEG 6000 16.67 3G8 16.67 CT3000LSSG 50
2 PVB 75H 30 PEG 6000 10 3G8 10 CT3000LSSG 50
3 PVB 75H 10 PEG 6000 30 3G8 10 CT3000LSSG 50
4 PVB 75H 10 PEG 6000 10 3G8 30 CT3000LSSG 50
5 PVB 75H 20 PEG 6000 20 3G8 10 CT3000LSSG 50
6 PVB 75H 10 PEG 6000 20 3G8 20 CT3000LSSG 50
7 PVB 75H 20 PEG 6000 10 3G8 20 CT3000LSSG 50
8 PVB 75H 23.33 PEG 6000 13.33 3G8 13.33 CT3000LSSG 50
9 PVB 75H 13.33 PEG 6000 23.33 3G8 13.33 CT3000LSSG 50
10 PVB 75H 13.33 PEG 6000 13.33 3G8 23.33 CT3000LSSG 50

Fig. 2. Back-scattered SEM micrographs of the cross section of Feedstock 1 
broken at RT at mag. x500.
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theoretical and measured solid content, as well as the standard devia
tion, are in good accord, which indicates a good homogeneity of the 
feedstocks.

3.2. Water debinding

Depending on the binder composition, there are differences both in 
maximum weight loss and debinding speed. Fig. 5 shows the cumulative 
average of the relative PEG weight loss for the feedstocks. The initial 
mass loss after one hour is higher at 40◦C, but the difference tends to 
decrease with longer debinding time.

Fig. 6 displays the mean relative debinding speed per hour for the 
first 8 hours. The compositional fields correspond to the area depicted in 
Fig. 1. The samples with lower PEG and 3G8 content tend to debind 
slower and reach lower weight losses after 50 hours of debinding time 
(Fig. 7). For both debinding temperatures, the samples with the highest 
PVB (Feedstock 2) have the minimum debinding speed of 1.4 PEG%/h at 
RT and 1.5 PEG%/h at 40◦C. The maximum debinding speed is reached 
by the samples with the most PEG content (Feedstock 3) with respec
tively 14.4 PEG%/h at RT and 13.1 PEG%/h at 40◦C. For the four series 
of the feedstock 1, which lies in the center point of the test matrix, the 

mean of the aforementioned debinding speed is 8.9 ± 0.7 PEG%/h for 
debinding at RT and 11.3 ± 0.3 PEG%/h for debinding at 40◦C.

Fig. 7 shows the relative mass loss after 50 hours debinding time for 
each feedstock at room temperature and at 40◦C. This comparative value 
can be considered as an equilibrium state in which all the accessible 
soluble parts are extracted. Some values exceeding the weight percent
age of PEG, especially the samples with higher plasticizer content 
(Feedstocks 4 and 10), suggest that other components of the feedstock 
have been leached out together with the PEG. As foreseeable, the sam
ples with the highest PEG contents show higher absolute weight losses. 
The samples of feedstock 3 have a total weight loss of 13.24 wt.% at RT 
and of 14.01 wt.% at 40◦C, which is close to the total amount of PEG 
contained in the feedstock (14.14 wt.%). For the Feedstock 2, with the 
lowest amount of PEG and plasticizer, the weight loss after 50 hours 
debinding time is only 2.01 wt.% at RT and 2.77 wt.% at 40◦C, which is 
much lower than the 4.71 wt.% of PEG contained in the material. The 
mean values for the Feedstock 1 (central point) are 7.1 ± 0.3 wt.% at RT 
and 6.9 ± 0.3 wt.% at 40◦C.

Fig. 8 presents the maximum swelling or shrinkage of the samples. 
For most of the feedstocks, this maximum dimensional change is 
attained after 5 hours for the debinding at 40◦C and after 50 hours for 
the debinding at RT. The feedstocks 2, 7, and 8 (containing the lowest 
PEG fraction) present a shrinkage behavior. For the samples from the 
Feedstock 1 (central point) the mean values of the size variation are 2.08 
± 0.3 % for debinding at RT and 2.56 ± 0.2 % for debinding at 40◦C. 
Feedstocks 3 and 9 with the highest PEG contents (lower right corner) 
exhibit swelling behavior.

On some samples with higher 3G8 contents debinded at 40◦C 
(feedstocks 4 and 10, lower left corner of the triangle) blisters appeared 
on the surface (cf. Fig. 9). Only one sample presented cracks (feedstock 
10) after 50 hours in the water bath at 40◦C.

Fig. 10 presents the SEM micrograph of the fracture surface of the 
Feedstock 1 broken at RT and after dipping in liquid nitrogen. The cross 
section of the feedstock 1 fractured in liquid nitrogen shows some 
polymer accumulation over larger areas on the surface. It also seems to 
present fewer dimples.

The water debinded fracture surfaces of the feedstock 1, 2, 3, and 4 
are displayed in Fig. 11. The Feedstock 2 presents the most regular 
surface with the highest visible polymer amount. On the surface of the 
feedstocks 3 and 4, one can clearly distinguish individual alumina grains 
and some open porosity. This open porosity has a size smaller than the 
grain size of the powder. The Feedstock 1 lies in-between in terms of 
visible polymer and porosity.

4. Discussion

The feedstocks processing and extrusion were successful even if the 
feedstocks with more than 33.33 vol.% plasticizer in the binder reacted 
with the polystyrene containers. This indicates that the plasticizer to 
backbone-polymer ratio is too high. The low standard deviation of the 
powder content among the extrudates (Fig. 4) implies that the pre- 
mixing and the homogenization with the twin screw extruder is suffi
cient for a homogenous distribution of the ceramic powder in the 
feedstock. This is further demonstrated by the backscattered SEM 
micrograph and is a prerequisite for the reliability of further 
investigations.

The debinding bath was static, but the solvent volume to parts vol
ume should be high enough to neglect the influence of PEG in the so
lution on the debinding rate [27]. Furthermore, the samples were held 
vertically in the solvent bath, so the molecules could diffuse easily from 
the surface of the parts into the surrounding water.

The limitations of this study regarding debinding are twofold. First, 
due to the high number of feedstocks and parameters, it was not possible 
to evaluate multiple samples per feedstock in order to effectively 
differentiate the measurement process variations with the material 
variations. However, the low standard deviations of the four feedstock 1 

Fig. 3. Plasticizing effect of the 3G8 from the feedstocks with the plastic parts 
that comes incontact.

Fig. 4. Actual and theoretical ceramic powder weight content in the feedstocks.

Fig. 5. Mean weight loss relatively to the initial PEG content of the feedstocks 
1-10 during water debinding at RT and 40◦C.
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series for the weight and size changes during debinding confirm the 
reproducibility of these measurements. Secondly, since some feedstocks 
being softer than others, especially when soaked with water during the 
debinding process, the dimension assessments with the caliper limit the 
precision of the measurements. The precision is also affected by the 
surface quality of the samples and the strength applied by the caliper. 
Here a non-tactile measurement or an in-situ measurement as performed 
by Yang et al. [31] may lead to improvements in accuracy.

There are small changes in the dimensions of the extruded samples. 
These variations do not influence the debinding values much, since the 
surface to volume ratio is similar. Thus, the role of the differences in 
effective length scale between the samples, as shown by Shivashankar 
and German, can be neglected [12]. The high debinding speed in the 
first hours, caused by the low diffusion distance of the dissolved polymer 
to the surface, complies with models stated in the literature [12]. The 
debinding speed (as shown in Fig. 5) is correlated to the relative PEG 

Fig. 6. Mean weight loss of the feedstocks 1-10 relatively to their initial PEG content during the first 8 hours of water debinding at RT (left) and 40◦C (right).

Fig. 7. Relative weight loss of feedstocks 1-10 after water debinding for 50 hours at RT (left) and 40◦C (right).

Fig. 8. Relative maximum dimension changes of the feedstocks 1-10 during water debinding at RT (left) and 40◦C (right) measured immediately after remoal from 
the debinding bath.
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content. Even if there is more PEG to leach out in the Feedstock 3 
compared to the Feedstock 2, the Feedstock 2 is slower to debind. This 
can be explained by the fact that the diffusion process is affected by the 
microstructure [32] and the percolation of the pores which limits the 
access of water towards the center of the part and the diffusion of PEG.

Besides the feedstock composition, the solvent temperature plays an 
important role in defect-free debinding. Increasing the water tempera
ture of the debinding bath from room temperature to 40◦C is beneficial 
on the one hand, as it tends to increase both debinding speed (Fig. 5) and 
the maximum relative weight loss (Fig. 7). This is especially relevant for 
samples with higher plasticizer content, and to a limited extent for the 
others. This effect relies on the increased dissolution rates and diffusivity 
of the molecular chains at higher temperatures [11,27]. However, these 
positive effects can be counterbalanced by higher swelling values 
(Fig. 8), which could in some applications deform or damage the parts 
[9] and cause distortion, blisters, cracks, or delamination [9,11]. The 
higher the temperature, the higher is the thermal expansion [31]. This 
could also lead to higher stresses in the initial stage of the solvent 
debinding step or after removing the parts from the debinding bath.

Unexpectedly, the samples with higher plasticizer content tend to 
have higher total relative weight losses. Even in some cases higher than 
the PEG content. Since the powder content after solvent debinding is 
close to the theoretical powder content (cf. Fig. 4), there is no powder 
loss during solvent debinding. Hence, we assume that plasticizer mole
cules embedded in the binder have also diffused into the water bath. 
This effect is magnified by the debinding temperature.

The samples with the highest PEG content tend to have high 
dimension variations during the water debinding step (cf. Fig. 8). The 
swelling of the samples depends on the crystal structure of PEG which in 
turn depends on its molecular weight. PEG 6000, which is used in this 
study, should have folded chain crystals [10]. However, the still rela
tively low molecular weight of the PEG allows a fast diffusion of the 
hydrated polymer complexes to the surface of the sample before defects 
appear. This interpretation is supported by the fact that structural failure 
during debinding - such as crack formation - only occurred in the sample 
with lower backbone to soluble polymer ratio and at higher temperature 
after prolonged debinding. The blistering mechanism is well described 
by Yang et. al as the result of internal cracks close to the surface that 
absorb water [10]. This explanation is consistent with the observation 
on the extruded samples. After perforation, these blisters release water 
until they flatten. However only one sample of the studied binder system 
presented cracks (Feedstock 10) in contrast to their PEG 6000-PMMA 
binder [9]. However in their study the PEG content of the binder is 
very high with 65% [10]. The fact that samples containing lower PVB 
fractions tend to have more defects after remaining for a longer period of 
time in the debinding bath can easily be explained as less backbone 
amount means less PVB ligaments, which procure the green strength to 
the part [9]. To improve the defect resistance of the parts during 
debinding, even with lower PVB contents, changing the PVB type for 
higher elongation at break could be a solution. The water intake in PVB 
has an influence on its mechanical properties. Since the water intake 
depends on the chemical functionalities of PVB, having a PVB with lower 
water absorption could enhance the integrity of samples after debinding 
[33]. Another possibility for reducing the defects could be to debind 
with a water temperature exceeding the melting temperature of the PEG. 
However, this could lead to a controversial effect, because of the thermal 
expansion [31,32]. The negative volumetric changes (shrinkage) in the 
samples with lower PEG (cf. Fig. 8) could be explained by the release of 
internal stresses (e.g. by curling of stretched polymer chains) after 
dissolution of the PEG. This effect should be further investigated.

Breaking the feedstock in liquid nitrogen resulted in changes of the 
surface of the samples. The polymer that accumulated on the sample 
surface must be PEG since it disappears after solvent debinding (cf. 

Fig. 9. Blisters on the surface of the feedstock 4 sample after 3 hours water 
debinding at 40◦C.

Fig. 10. SEM micrographs of the cross sections of the Feedstock 1 fractured after dipping in liquid nitrogen (a) and (c), and fractured at RT (b) and (d).
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Fig. 10, and Fig. 11). After dipping in liquid nitrogen, the cold samples 
probably led to condensation. While the samples reaches again the room 
temperature, this water deposited on the surface, from the previously 
mentioned condensation, can diffuse inside the sample. This water 
intake increase the mobility of the PEG molecules and in turn led to its 
the diffusion toward the surface. The use of liquid nitrogen helps to have 
a fracture surface which is representative to the inner structure of the 
sample. However, after dipping the samples, they should be kept in 
vacuum or in a desiccator to avoid water intake and the diffusion of PEG 
to the surface.

There is a strong inverse correlation between the PVB amount and 
the open porosity visible in Fig. 11. This correlates with the measured 
values in Fig. 7. The fact that there is no powder loss during water 
debinding, and that the porosity remains between the grains denote that 
the microstructure of the PVB-PEG-3G8 blend is relatively small 
compared to the grain size. High amount of the plasticizer 3G8 also lead 
to a high open porosity, as can be seen from the cross-section micro
graphs (cf. Fig. 11). However, the drawback is that it reacts with the 
surrounding polymeric materials, making it more difficult to process.

5. Conclusion

Feedstocks for the Fused Deposition of Ceramic of alumina with a 
new PVB-PEG-plasticizer composition were successfully processed and 
partially debinded in water. There is a homogeneous distribution of the 
50 vol. % powder among the feedstock.

Time, temperature and initial PEG and plasticizer contents influence 
the debinding process.

A binder with a major part of both PEG or 3G8 (plasticizer) will have 
a higher debinding speed and an increased weight loss during debinding, 
but will also have high swelling during debinding. Feedstocks with low 
PEG content may have volume reduction during solvent debinding.

Increasing the water bath temperature, increases the debinding 
speed, the volume changes, and the maximum debinded amount. The 
latter effect is especially visible on feedstocks with higher plasticizer 
contents. This binder composition does not promote solvent debinding 

defects. Only the lack of mechanical stability from lower PVB content 
can cause defects after debinding for a longer time at 40◦C.

Breaking the green samples in nitrogen produces a fracture surface 
with less plastic deformation, but leads to the diffusion of the water- 
soluble components to the surface of the sample, which changes the 
polymer repartition and hinders the correct interpretation. This tech
nique would only be beneficial for studying the microstructure after 
solvent debinding or on binders which do not react with water.

The microstructure of the solvent debinded green feedstocks are in 
accordance with the gravimetric study: reducing the PVB amount in the 
binder increases the amount of polymer removed, increases the amount 
of open porosities, which should ease the thermal debinding step. 
However, a certain amount of PVB is still necessary to bring strength to 
the feedstock and to avoid defects during solvent debinding.

Since thermal debinding is the bottleneck of the process, even longer 
solvent debinding times of more than 50 hours can be considered as 
relatively short. The focus should be set on maximum weight loss and 
defect free debinding.

This binder composition can be an eco-friendlier substitute of the 
conventional acetone-debinded feedstocks.

Debinding characteristics represent only one of key properties for 
successful fabrication of the parts. Further study will be done on the 
influence of the composition on the green mechanical properties and the 
rheology of the feedstocks.
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